The angle-independent myocardial elastography, which shows good performance in our proposed theoretical framework using a three-dimensional, ultrasonic image formation model based on well-established, 3D finite-element, canine, left-ventricular models in both normal and left-circumflex ischemic cases, is employed as well as validated in vivo to assess the contractility of normal and pathological myocardia. Angle-independent myocardial elastography consists of: (1) iterative estimation of in-plane and out-of-plane cumulative displacements during systole using 1D cross-correlation and recorrelation techniques in a 2D search; (2) calculation of in-plane finite strains from the in-plane cumulative motion; and (3) computation of in-plane principal strains from the finite strains by eigen decomposition with a classification strategy. The in vivo raw data of healthy and pathological human left ventricles were acquired at 136 fps in a short-axis echocardiographic view. Similar to theory, the elastographic estimates in normal clinical cases showed radial wall thickening and circumferential shortening during systole through principal strain imaging, while those in a pathological case underwent opposite strains. The feasibility of angle-independent myocardial elastography with an automated contour tracking method was hereby demonstrated through imaging of the myocardial deformation, and principal strains were proven essential in the reliable characterization and differentiation of abnormal from normal myocardia, without any angular dependence.
Introduction
Myocardial elastography (ME), a radio-frequency (RF) based speckle tracking technique, has been shown capable of assessing normal myocardial deformation [1] and detecting abnormal myocardial function [2] , due to ischemia or infarction, through imaging and estimation of myocardial deformation during natural contraction of the myocardium throughout the entire cardiac cycle. We have previously proposed a theoretical framework, which showed a very good performance of ME in accurately depicting in-plane deformation using both two-dimensional (2D) and three-dimensional (3D) ultrasonic image formation models as well as an established 3D, finite-element (FE) left-ventricular model, in both normal and ischemic conditions [3] . Not only was ME shown to accurately estimate the myocardial displacements and (Cartesian and polar) strains using that theoretical model, but it could also differentiate abnormal from normal cardiac muscle, without a beamto-muscle angle dependence through principal strain imaging [4, 5] .
In this paper, we evaluate the robustness of principal strain imaging on the depiction of myocardial deformation at multiple short-axis slices in the 3D theoretical framework, and focus on the full depiction of in-plane myocardial deformation, including displacements, Cartesian finite strains and principal strains. Finally, the angle-independent ME is validated in both normal and pathological human subjects in vivo.
Methods

Theoretical analysis
3D Finite-element models
Three-dimensional FE models of the normal (control) and leftcircumflex (LCx) ischemic canine left ventricles (LV) shown in Fig. 1 have been employed to demonstrate the feasibility of our previously proposed myocardial elastography method [3, 6] . More details regarding the FE models were described in [3] . Contrary to what typically occurs in closed-chest experiments in vivo, the left ventricle was modeled moving towards the base during systole, since the models were developed based on open-chest dog experiments. 
3D Ultrasonic image formation model
A 3D RF image was generated by convolving a 3D scatterer distribution with a 3D point-spread function [7] . The defined 2D linear array consisted of 128 and 6 elements in the lateral and elevational directions, respectively. The elevational beamwidth was 2 mm, which was considered to give optimal established trade-offs in myocardial elastography [3, 6] . In both FE cases, RF signals in five short-axis slices, from basal to apical levels, were generated using a linear array with a center frequency of 2 MHz and a 60% fractional bandwidth. The scatterers were assumed to be uniformly distributed at 96 scatterers per cubic wavelength in order to simulate full speckle scattering. The cavity and background were assumed to have null scattering. Each simulated RF image had a field of view of 80 Â 80 Â 6 mm 3 .
Myocardial elastography
Speckle tracking
The two in-plane, orthogonal displacement components (lateral and axial) were estimated using one-dimensional (1D) cross-correlation and recorrelation of RF signals in a 2D search [3, 6] . The cross-correlation technique employed a 1D matching kernel of 3 mm and 80% overlap in the simulation. A matching kernel of 7.7 mm and 80% overlap were used for the clinical data presented. The 1D matching kernel determines the signal-to-noise ratio (SNR) of the estimates [8] . The window shift or overlap was assumed to indicate the expected elastographic resolution as reported in the literature [9] . A larger matching kernel leads to an SNR increase, while a smaller window shift improves the resolution. The window shift utilized in both simulation and experiments in this paper was chosen to provide optimal resolution. Therefore, with an appropriate selection of the window size and window shift, high SNR and resolution of the estimates can be simultaneously achieved.
An 8:1 linear interpolation scheme on the original RF signal segments was employed to improve lateral tracking resolution [10] . Cosine interpolation was then applied around the peak of the cross-correlation function for a more refined peak search [10] . In the 3D case, the elevational displacement was estimated in the elevational-axial plane using the same strategy. The correction (or, recorrelation) in axial displacement estimation [3, 6] , was performed to reduce the lateral/elevational decorrelation resulting from axial motion. The incremental displacements were integrated to obtain the cumulative displacement that occurred from ED to ES [3, 6] .
Cartesian finite strains
In-plane Lagrangian finite strains can be calculated from the inplane displacements [3, 6] . In myocardial elastography, a leastsquares strain estimator (LSQSE) [11] in both lateral and axial directions was used to improve the elastographic signal-to-noise ratio (SNR e ).
Principal strains
The 2D strain tensor computation is highly dependent on the orientation of the imaging beam relative to the ventricular wall ( Fig. 1) [4, 5] . This complicated the interpretation of the direction of in-plane myocardial deformation and potentially resulted in clinical misdiagnoses [4, 5] . Even though angle-independent measures such as polar (i.e., radial and circumferential) strains were demonstrated capable of detecting the abnormal myocardium, principal strains were employed owing to their by definition angle independence and less centroid dependence than polar strains [4, 5] . Considering a 2D short-axis slice of the myocardium, solving the eigenvalue/eigenvector problem for the 2D finite strain tensor could yield two principal strains (eigenvalues) corresponding to two principal axes (eigenvectors), which closely approximated strains in the radial and circumferential directions [12] . Note that the two principal strains were classified according to their angles between principal (i.e., eigenvectors) and polar (i.e., radial and circumferential) directions [5] . Therefore, the 1st and 2nd classified principal strains closely approximated radial and circumferential strains, respectively.
Automated contour tracking
The myocardial segmentation on the elastographic images of human subjects throughout the entire cardiac cycle was performed and extended from the 1D axial direction to 2D using the automated method proposed by Luo and Konofagou [13] . The endoand epi-cardial contours on the initial echocardiography (i.e., at ED) were manually traced with 20 points each as the reference, while those for the rest of the frames were extracted according to the estimated 2D displacement components. The automated contour tracking benefited from 2D elastographic estimates.
Estimation errors for displacements and strains could be calculated using the mean absolute percentage error (MAPE) between FE values and elastographic estimates. Note that MAPE's in this paper were obtained within a region of interest but excluding the artifacts at the endo-and epi-cardial borders in order to avoid bias errors around the boundaries. 
High frame-rate ultrasound data acquisition
A clinical echocardiography ultrasound scanner (GE Vivid FiVe, GE Vingmed Ultrasound, Horten, Norway) with a phased array probe (FPA 2.5 MHz 1C) was used to acquire cardiac ultrasound in-phase and quadrature (I/Q) data in 2D SA views at the papillary muscle level from healthy and pathological subjects at a frame rate of 136 fps. The I/Q data were modulated to retrieve the RF signals. The frame rate of 136 fps was achieved based on a novel electrocardiogram (ECG)-gated composite imaging, which assembled multiple small sector data into a full-view echocardiogram and was implemented by our group [14, 15] . Slightly different from the fully automated method [14, 15] , in this study, five or six sectors with a reduced field of view (FOV) were manually selected and combined off-line based on their spatial (i.e., depth and angle) and corresponding ECG information to reconstruct an entire SA echocardiograms using the GE system.
Results
Finite-element (FE) results
Control model
The 3D displacements for the control model at multiple slices with the elevational beamwidth of 2 mm are shown in Fig. 2 . The MAPE's for lateral, axial and elevational displacements at the equatorial slice are 8.25%, 3.65% and 9.06%, respectively. The in-plane Cartesian finite strains and classified principal strains are shown in Fig. 3 . The MAPE's for lateral, axial, 1st (radial) and 2nd (circumferential) classified principal strains at the equatorial slice (i.e., 2nd slice from the top) are 17.01%, 8.01%, 7.61% and 9.40%, respectively. The elevational displacement increases while the in-plane motion and strains are smaller near the apical level. The larger the elevational motion is, the larger the in-plane motion and strain estimation errors become. The classified principal strains show radial thickening ( Fig. 3c and g ) and circumferential shortening ( Fig. 3d  and h ) in the normal myocardium.
LCx ischemic model
The 3D displacements and the in-plane strains for the LCx model at multiple slices with the elevational beamwidth of 2 mm are shown in Figs. 4 and 5, respectively. The MAPE's for lateral, axial and elevational displacements at the equatorial slice are 11.59%, 6.08% and 14.97%, respectively. The MAPE's for lateral, axial, 1st and 2nd classified principal strains at the equatorial slice are 18.10%, 8.23%, 10.61% and 12.16%, respectively. Unlike the normal case, the classified principal strains show radial thinning ( Fig. 5c  and g ) and circumferential stretching ( Fig. 5d and h ) in the ischemic region (i.e., posterior-lateral wall or upper right region of the image). The classified principal strains (Fig. 5c-d and g-h) confirm decreased size of the ischemic region toward the apical level (Fig. 1) . Note that all images shown in Figs. 2-5 are mapped on the geometry at the end-systolic phase, and their orientation is the same as in Fig. 1 . The MAPE's in the 3D simulation scheme for both normal and ischemic cases are summarized in Table 1 .
Clinical validation
The anterior, lateral, posterior and septal walls are in the upper right, lower right, lower left and upper left regions, respectively, on the in vivo 2D short-axis images shown in Figs. 6 and 7.
A preliminary validation of the FE results for both lateral and axial displacements is first shown in a normal human (female, 28 years old) left ventricle (Fig. 6a-b, respectively) . The axial displacement shows best agreement with the FE equivalent. The lateral displacement depicts the largest motion in the region of the myocardium next to the papillary muscle. Fig. 6c shows lateral tension in the lateral and septal regions, and Fig. 6d shows axial tension in the posterior wall, i.e., indicating good agreement with the findings in the theoretical framework (Fig. 3) . Fig. 6e clearly shows radial thickening in the 1st classified principal strain, except in the anterior wall, while Fig. 6f shows myocardial circumferential shortening in the 2nd classified principal strain. Note that all in vivo images are shown in the end-systolic configuration (same as in the FE model). Fig. 7 shows in-plane displacements and strains for a human (male, 69 years old) left ventricle with a history of myocardial infarction, which was caused by partial occlusion of the distal left anterior descending (LAD) coronary artery, and treated by reperfusion (i.e., stent). Motion abnormalities were detected in both the septal and anterior walls. Not only is the magnitude of the strains of the treated myocardium (Fig. 7) smaller than those of the normal myocardium (Fig. 6 ) throughout the ventricle, except for the posterior wall region, but the strain pattern of the abnormal myocardium is highly asymmetric compared to the normal one (Fig. 6) . The 1st classified principal (radial) strain (Fig. 7e) of the treated myocardium depicts thickening in the posterior and lateral walls, and the anterior-septal segment. The 2nd classified principal (circumferential) strain (Fig. 7f) shows myocardial shortening in the lateral and posterior walls but stretching in the other regions; clearly identifying thus the correct location of the infarcted region. The preliminary in vivo results are validated compared with the theoretical framework and show that ME is capable of differentiating abnormal from normal myocardium in a post-infarcted, reperfused left ventricle.
Discussion and conclusion
The fundamental limits of angle-independent myocardial elastography for the estimation of lateral, axial and classified principal (i.e., angle-independent) strains were assessed in our proposed theoretical framework, and preliminary validation of theoretical findings was shown in healthy and pathological human subjects in vivo. The cumulative 2D displacements, Cartesian finite strains and classified principal strains were estimated and imaged for Table 1 The mean absolute percentage errors (MAPE's) for lateral (u x ), axial (u y ) and elevational (u z ) displacements, lateral (E xx ) and axial (E yy ) strains, and 1st (E p1 ) and 2nd (E p2 ) classified principal strains in both control and ischemic cases characterization of the myocardial deformation. In conclusion, the feasibility of the angle-independent myocardial elastography technique was proven essential in the angle-independence of the strains depicted. This paper only showed preliminary validation of the FE results, and a main discrepancy lay in the fact that the FE model was developed using an open-chest dog, while the in vivo results shown here were from closed-chest human subjects. A careful animal study will be carried out to determine the extent of the utility of this technique at distinct angles of scanning and multiple sonographic views. Furthermore, an evaluation of the clinical ultrasound system parameters will be performed for a more accurate theoretical framework design.
